INTRODUCTION {#sec1-1}
============

Endodontic treatment aims to eliminate infection of the root canal and to completely fill the root canal space in three-dimension, in order to prevent apical and coronal penetration of liquids and microorganisms. Most root canals are filled with gutta-percha points in combination with an endodontic sealer which are essential components of root canal obturation to establish a fluid-tight seal. The main function of a sealer is to fill the spaces between the core material and the walls of root canal and between the gutta-percha cones, in an attempt to form a coherent mass of obturating material without voids. The sealer is expected to fill irregularities and minor discrepancies between the filling and canal walls, accessory canals, and multiple foramina. By its germicidal action, it is also expected to destroy the remaining bacteria left after cleaning and shaping of the root canal. Although all efforts are concentrated to confine the sealer within the root canal space, some extrusion inadvertently occurs during obturation procedure. When the sealer cement comes in contact with soft and hard tissues apically, it can cause persistent inflammation of periradicular tissues and may result in delayed wound healing manifesting as pain, tenderness, and swelling of the affected area; hence, biocompatibility of sealers is an important issue in selecting the right type of sealer for different types of endodontic cases.

All contemporary endodontic sealers are known to have some toxic properties, but meta-analysis on their toxicity has not been reported; hence, the present study was undertaken to determine relative toxicity of the most commonly used root canal sealers like calcium hydroxide, zinc-oxide eugenol, and resin-based sealers.

MATERIALS AND METHODS {#sec1-2}
=====================

The commonly used sealers were classified into following three groups:

Group 1: Zinc oxide eugenol based sealers, for example, Pulp Canal Sealer, Tubli-Seal.

Group 2: Calcium hydroxide based sealers, for example, Apexit, Vitapex.

Group 3: Resin-based sealers, for example, AH26, AH Plus, Diaket.

A comprehensive search was initiated to identify studies on sealer biotoxicity published in English language, on PubMed, Cochrane, EBSCO, and IndMed databases between 2000 and 2012. The keywords used in search queries on MESH were "Biotoxicity", "root canal sealers", and "biocompatibility". The reference section of each of these articles was also analyzed to determine the articles which pertain to our search criteria.

Inclusion criteria {#sec2-1}
------------------

All *in vitro* and *in vivo* (animal) experimental studies (original research) between 2000 and 2012 were included.Only those studies comparing minimum of two of the three groups of sealers, that is, resin, calcium hydroxide, and zinc oxide eugenol.The studies should compare cytotoxicity/biotoxicity/biocompatibility of sealers at day 1 (24h) and between 3 and 7 days.Only those studies were finally selected in which systematic analysis and statistical tests were applied.

The one that matched was placed on the final list. Using this method; 58 articles were found in the search, out of which 31 article abstracts, that is, six animal studies and 25 *in vitro* studies were reviewed by two endodontists from which only 20 studies (18 *in vitro* and two animal studies) met the inclusion criteria and were finally selected for statistical analysis \[[Table 1](#T1){ref-type="table"}\].

###### 

Research articles selected for final statistical meta-analysis
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Statistical analysis was carried out using analysis of variance (ANOVA) followed by *post-hoc* comparison by Bonferroni method. The comparison between 24 h and after 3^rd^ day was done by using paired *t*-test for each sealer. The quantitative data was compared using Student\'s *t*-test and paired data by using paired *t*-test. Since the data was skewed, log transformation was also applied. The software used was STATA version 12. The level of significance was set at 0.05.

RESULTS {#sec1-3}
=======

At 24 h, the relative biotoxicity of the three sealers reported was insignificant (*P*- value 0.29), but the difference in toxicity was found significant (*P* \< 0.001) after 3 days. Calcium hydroxide and zinc oxide eugenol sealers were found to be significantly biotoxic as compared to resin-based sealers after 3 days. It was also observed that toxicity of calcium hydroxide was slightly more than zinc oxide eugenol after 3 days, although the results were statistically insignificant. The meta-analysis also revealed the heterogeneity of various studies and their results included.

Summary statistics at 24h and between 3 and 7 days (*n* = 20) for zinc oxide eugenol, calcium hydroxide, and resin revealed the values for means as 49.05, 64.10, and 63.35 and 51.00, 80.45, and 75.00; standard deviation as 30.45, 21.05, and 22.21 and 18.67, 14.78, and 16.63; and median as 41.50, 64.00, and 63.50 and 48.00, 84.00, and 77.50 with range as 5-95, 23-92, and 17-94 and 21-87, 39-95, and 32-92, respectively.

Comparison of biotoxicity (log values) of three sealers at 24 h and between 3 and 7 days shows that there is no significant difference at 24 h between the three sealers (*P*- value 0.29). Average log value of zinc oxide eugenol sealer at 24 h is 4.07 ± 0.44, calcium hydroxide is 4.09 ± 0.39, and resin-based sealers is 3.66 ± 0.77.

When compared between 3^rd^ and 7^th^ day, statistically significant difference was observed between the three sealers with *P*-value \< 0.001 and the Bonferroni correction showed that resin sealers had significant lower values \[[Table 2](#T2){ref-type="table"}\].

###### 

Biotoxicity of three sealers at 24 h and between 3 and 7days
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Based on paired data, no significant difference was observed in zinc oxide eugenol and resin-based sealers with *P* = 0.81 and 0.067, respectively. The significant increase of 16.35 (25%) was observed after 3 days in calcium hydroxide sealer (*P* = 0.01). Based on meta-analysis, the random pooled estimates were 49, 64, and 63% for zinc oxide eugenol, calcium hydroxide, and resin-based sealers, respectively. The pooled estimate was found to be 0.56 with 95% confidence interval (CI) as 0.55-0.58. Heterogeneity was observed to be 99%.

DISCUSSION {#sec1-4}
==========

Root canal treatment involves a thorough cleaning and shaping, followed by three-dimensional obturation of the root canal system. Presently, root canals are obturated with a core material in combination with an endodontic sealer.

There are a variety of sealers to choose from, and the clinician must be careful to evaluate all characteristics of a sealer before selecting. It should be tacky when mixed to provide good adhesion between it and the canal wall, and when set a fluid tight seal should be obtained, while also having ample setting time for the clinician to make necessary adjustments to the filling material. The particles of powder should be very fine so that they can mix easily with the liquid and ideally should not shrink upon setting, although all currently available sealers shrink slightly upon setting.

Although during routine endodontic therapy, it is desired that the endodontic sealers remain inside the root canal, they may inadvertently be pushed beyond the apical constriction sometimes. In fact, they remain in intimate contact with the surrounding soft and hard tissues for an extended period of time.

Hence it is of utmost importance that they have an acceptable biocompatibility, that is, they should be nontoxic, nonmutagenic, and noncarcinogenic. All sealers exhibit toxicity when freshly mixed; however, their toxicity is greatly reduced on setting. Intense neutrophil infiltration is seen in response to all sealers during the initial period. Breakdown products from the sealers may have an adverse effect on the proliferative capability of periradicular cell populations. It has been observed by Kolokouris *et al*.,\[[@ref21]\] that the intensity of the reaction diminishes by 60^th^ day and the reduction progresses through to 120^th^ day. As a result, adequate precaution should be taken not to extrude sealer in to the periapical tissue during obturation.

Zinc oxide eugenol sealers have a history of successful use in root canal obturation for over 100 years. It gets resorbed if extruded into the periapical tissue. It has prolonged setting time, shrinkage on setting, high solubility, and can stain the tooth structure. The advantage of zinc oxide eugenol sealer is its antimicrobial activity and popularity among clinicians, especially when used with thermoplasticized obturation technique.\[[@ref22]\] But eugenol is found to leak from zinc oxide eugenol sealers, which is known to induce toxic effect and decrease the transmission in nerve cells. The effect is persistent even after setting of the material. Zinc oxide eugenol sealer with para-formaldehyde is both cytotoxic and mutagenic. Localized inflammation with zinc oxide eugenol sealers has been seen, both in soft tissue and in the bone.\[[@ref23]\]

Calcium hydroxide sealers exhibit antimicrobial activity and have osteogenic-cementogenic potential. The rationale for the addition of calcium hydroxide to root canal sealers is from observations of bases and liners containing the material and their antibacterial and tissue regenerating ability, exerted via the leaching of calcium and hydroxyl ions to surrounding tissues.\[[@ref24]\] Solubility is required for release of calcium hydroxide and sustained activity, hence it is not consistent with the purpose of an ideal sealer. Soares *et al*.,\[[@ref25]\] observed that canals overfilled with calcium hydroxide sealers caused chronic inflammatory reaction in periapical tissues in dog\'s teeth. Sealapex is primarily made of calcium hydroxide and has been shown to be cytotoxic in various studies, which probably resulted from components/additives such as polymethylene methyl salicylate resin and isobutyl salicylate present in Sealapex.\[[@ref3]\] Another possible explanation for the cytotoxicity of Sealapex may come from the calcium hydroxide itself, which produces high pH (Leonardo *et al*., 2000\[[@ref26]\]).

Resin sealers also have a long history of use. It provides adhesion and does not contain eugenol. AH26 is a slow setting epoxy resin that was found to release formaldehyde when setting. AH Plus is a modified formulation of AH26 in which formaldehyde is not released. The sealing abilities of AH26 and AH Plus are comparable. EndoREZ is a methacrylate resin-based sealer with hydrophilic properties. When used with gutta-percha cones, the dual cure EndoREZ sealer bonds to both the canal walls and the core material.

Epiphany and RealSeal are other resin-based sealers introduced for use with a new core material. Advocates of these sealers propose that they bond to the canal wall and to the core material to create a "monobloc". But toxicity of Epiphany might be explained by the presence of unpolymerized hydrophilic monomers (such as hydroxyethyl methacrylate (HEMA)), which show diffusabilty into the surrounding tissues and exhibit toxicity. Consequently, extrusion of a methacrylate resin-based sealer through the periapical foramen would create an uncured surface layer for extended time periods.\[[@ref27]\] This might alter the toxicity profile of resin-based sealers because the incompletely polymerized monomers present in the exposed sealer are more toxic.

The meta-analysis of various studies revealed toxic potential of unset endodontic sealers, which may result in a localized inflammation and influence the healing of an apical periodontitis. Maximum toxicity was seen for calcium hydroxide-based sealers. These results disagree with the previous popular notion that called calcium hydroxide-based sealers as 'biological sealers'.\[[@ref28]\]

The use of so-called 'biological' sealers based on calcium hydroxide has been proposed for the permanent obturation of the root canal system. However, it exhibited increasing toxicity when set to confirm the results of previous studies that reported considerable leakage of cytotoxic substances from the disintegrating sealer (Gerosa *et al*., 1995,\[[@ref29]\] Leonardo *et al*., 2000\[[@ref26]\]). This instability in an aqueous environment might enhance the release of substances from set Sealapex.

In a study done by Scelza *et al*., (2012),\[[@ref2]\] Sealapex was strongly cytotoxic at days 1, 7, and 14. In another animal study,\[[@ref11]\] the severity of the inflammation produced by the Ca (OH)~2~ sealer, Sealapex, increased at the 3^rd^ day of evaluation, with no resolution until the 14^th^ day. Inflammatory cells were observed at the 7^th^ day and foreign-body multinucleated giant cell reaction occurred after 14 days. The spectrophotometric data revealed a correlation with the histopathological findings.\[[@ref11]\] Using Sealapex, Leonardo *et al*., (2007)\[[@ref30]\] also observed an intense inflammatory infiltrate in dogs, suggesting that the alterations in the original formulation might have affected negatively the tissue compatibility of this material.

In case of zinc oxide eugenol-based sealers, moderate to severe cytotoxicity was observed. It was suggested by Lindqvist and Otteskog (1981)\[[@ref31]\] that the cytotoxicity of zinc oxide eugenol root canal sealers was attributable to free eugenol liberated from the set material. A previous study has shown that these sealers can release formaldehyde after setting (Leonardo *et al*., 1999).\[[@ref32]\] The combined effects of eugenol and formaldehyde might explain why N2 and Endomethasone were highly toxic. Apart from formaldehyde and eugenol, N2 also contains a variety of aromatic oils that are cytotoxic.

The cytotoxicity of resin-based sealers may be related to the release of formaldehyde (Spångberg *et al*., 1993).\[[@ref33]\] In addition, bisphenol A diglycidyl ether was identified as a mutagenic component of resin-based materials, which may also be cytotoxic.

These results also agree with previous reports (Arenholt-Bindslev and Hörsted-Bindslev 1989,\[[@ref34]\] Gerosa *et al*., 1995,\[[@ref29]\] Cohen *et al*., 2000,\[[@ref35]\] Leonardo *et al*., 2000\[[@ref26]\]) that all materials tested showed some cytotoxicity.

Cytotoxicity testing of freshly mixed sealers is relevant as they are placed into the root canal system in a freshly mixed and incompletely polymerized stage. Changes in cytotoxicity levels may be observed after diffusion of toxic components from the materials into the surrounding environment.\[[@ref15]\] This could be attributed to the release of small amounts of toxic substances present in the sealers. Probably as a result of the diminished leaching of these toxic substances, cytotoxicity of the tested sealers diminished over a period of time.\[[@ref16]\]

We also observed in our meta-analysis that different studies showed varied results and data were skewed. This might be because divergent results may arise from the diverse experimental conditions. There are reports of divergent responses and sensibilities for the XTT (2, 3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide) and MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) assays on a cell-type-dependent basis (Scudiero *et al*., 1988).\[[@ref36]\] It was also reported that these methods, in reality, do not evaluate the same enzyme systems, because evidence was found that MTT reduction is associated not only with mitochondria but also with the cytoplasm and with nonmitochondrial membranes including the endosome/lysosome compartment and the plasma membrane (Berridge *et al*., 2005).\[[@ref37]\]

Camps *et al*., (2003)\[[@ref16]\] state that ISO standards lead us to accept the cytotoxicity of endodontic sealers that were rated noncytotoxic when tested with the root-dipping technique. For example, Sealapex showed a high cytotoxicity ranging from 91 to 96% of cell death when evaluated with ISO standards, whereas a cytotoxicity ranging from 0 to 9% was observed when working with the other technique.\[[@ref17]\] This discrepancy between the results could be even more pronounced if the ratio between the surface of the sample and the volume of culture medium increases.

Among the reviewed articles, exploration of *P*- values of the selected comparisons indicated that most of them had suggested that the commonly used root canal sealers show biological risks inducing potential tissue biotoxicity leading to damage and inflammatory response in the periapical area.\[[@ref16]\] In cases where the sealer does not penetrate into the periradicular area directly, the elutable substances or the degradable products leach through the dentinal tubules, lateral and accessory canals, and the apical foramina.

CONCLUSION {#sec1-5}
==========

From the reviewed articles, meta-analysis revealed:

At 24 h, the relative biotoxicity of the three sealers was insignificant (*P*- value 0.29), but toxicity was significantly more (*P* \< 0.001) after 3days.Calcium hydroxide sealer and zinc oxide eugenol were found to be significantly biotoxic as compared to resin-based sealers after 3days. It was also observed that toxicity of calcium hydroxide was slightly more than zinc oxide eugenol after 3days, although results were statistically insignificant.The meta-analysis also revealed the heterogeneity of various studies and their results included.

Exploration of *P* -- values of the selected comparisons indicated that most of them had suggested that the commonly used root canal sealers exhibited some degree of cytotoxicity.
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